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(57) A distortion reducing circuit compensates an
upper side third-order distortion and a lower side third-
order distortion produced by an amplifier for amplifying
a fundamental signal including multiple frequency com-
ponents. The distortion reducing circuit includes a sec-

ond harmonic reflection coefficient regulation circuit, in-
stalled at an output side of the amplifier, for regulating
reflection coefficients for multiple frequency compo-
nents included in a second harmonic signal to have a
constant value.
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Description

[0001] The present invention relates to a distortion compensation apparatus; and, more particularly, to a distortion
compensation apparatus capable of effectively canceling out upper and lower side third-order distortions produced by
an amplifier.

[0002] Distortions are produced when baseband signals having multiple frequency components, e.g., a WCDMA
(Wide-Band Code Division Multiple Access) signal, a multi-carrier signal and the like are amplified by an amplifier in
a communications system for amplifying a communications signal; and such distortions need to be compensated.
Conventionally, in order to amplify these signals while suppressing distortions, a sufficiently large backoff is set in the
amplifier or a distortion compensation process by way of a feed forward scheme or a pre-distortion scheme is carried
out.

[0003] Referring to Fig. 6, there is illustrated a block diagram of a conventional amplification apparatus including a
distortion compensation circuit employing the feed forward scheme.

[0004] In the amplification apparatus shown in Fig. 6, an input signal (a main signal) is divided into a primary signal
and a subsidiary signal by a divider 1. The primary signal is amplified by a main amplifier 2 and transferred to a subtractor
4. The subsidiary signal is provided to the subtractor 4 through a delay line 3. The subtactor 4 subtracts the subsidiary
signal inputted through the delay line 3 from a portion of the amplified primary signal inputted from the main amplifier
2 to extract distortion components. The extracted distortion components are fed to a distortion amplifier 5 and the
amplified primary signal with distortions is transferred into a subtractor 7 through a delay line 6. The distortion compo-
nents fed into the distortion amplifier 5 are amplified by the distortion amplifier 5 and then provided to the subtractor
7. The subtractor 7 subtracts the amplified distortion component provided from the distortion amplifier 5 from the am-
plified primary signal provided through the delay line 6, thereby outputting an amplified and compensated signal without
distortion.

[0005] The signal inputted into the subtractor 7 through the delay line 6 includes distortions produced by the main
amplifier 2 and the amplified distortion components inputted into the subtractor 7 from the distortion amplifier 5 corre-
sponds to the distortions produced by the main amplifier 2. Therefore, the output signal of the subtractor 7 corresponds
to a signal in which the distortions produced by the main amplifier 2 are removed from the primary signal amplified by
the main amplifier 2. The divider 1 and the subtractors 4 and 7 are respectively implemented by, e.g., directional
couplers.

[0006] Referring to Fig. 7, there is provided a block diagram of a conventional amplification apparatus including a
distortion compensation circuit employing the pre-distortion scheme.

[0007] In the amplification apparatus shown in Fig. 7, a pre-distortion circuit 11 is installed at a front stage of a main
amplifier 12. The pre-distortion circuit 11 introduces in advance pre-distortions having same amplitudes but differing
in phase by 180 degrees (i.e., being in opposite phases) compared with actual distortions to be produced in the main
signal by the main amplifier 12. Subsequently, the pre-distortion circuit 11 outputs the main signal containing the pre-
distortions. The actual distortions produced by the main amplifier 12 and the pre-distortions introduced by the pre-
distortion circuit 11 are cancelled out.

[0008] In such amplification apparatus, the pre-distortions introduced by the pre-distortion circuit 11 and the actual
distortions produced by the main amplifier 12 should be wholly matched to each other in relation to the input variation
of the main signal and frequency characteristics of distortions. The distortions produced in the amplified signal are
caused by AM (Amplitude Modulation)-AM conversion and AM-PM (Phase Modulation) conversion.

[0009] The gain and phase characteristics of the pre-distortion circuit should be set to be ideal with respect to those
of the amplifier. Since, however, the characteristics of AM-AM and AM-PM conversions are very complicated, the
characteristics of such an ideal pre-distortion circuit only can be expressed by a complicated function, rendering it
virtually impossible to analytically or computationally obtain the coefficients of characteristics curve.

[0010] Thus, an alternative amplification apparatus including a distortion compensation circuit employing the pre-
distortion scheme has been contemplated as shown in Fig. 8.

[0011] Inthe amplification apparatus shown in Fig. 8, an input signal, e.g., an RF (Radio Frequency) signal, is divided
into a primary signal and a subsidiary signal by a divider 21, wherein the primary signal is transferred to an amplitude/
phase circuit 27 via a delay circuit 22 and the subsidiary signal is fed to an amplitude detector (envelope detector) 23.
[0012] The amplitude detector 23 detects an amplitude level (envelope level) of the subsidiary signal. The detection
result of an analog signal is converted into a digital signal by an A/D (Analog to Digital) converter 24 and then provided
to a table section 25.

[0013] In the table section 25, amplitude correction data and phase correction data are stored as a table for various
amplitude levels in a memory (not shown) of the table section 25. The amplitude correction data and the phase cor-
rection data in the table corresponding to the detection result of the amplitude level inputted from the A/D converter
24 are read and loaded to a D/A converter 26. In the D/A converter 26, the amplitude correction data and the phase
correction data loaded from the table section 25 are converted from a digital signal into an analog signal and provided
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to the amplitude/phase circuit 27.

[0014] The primary signal outputted from the divider 21 is delayed by the delay circuit 22 such that the input timing
of the delayed primary signal to the amplitude/phase circuit 27 is synchronized with that of the amplitude correction
data and the phase correction data from the D/A converter 26.

[0015] By means of such delay, amplitude distortion is produced based on the amplitude correction data correspond-
ing to the amplitude level of the subsidiary signal and then introduced into the primary signal at the amplitude/phase
circuit 27. At the same time, phase distortion is generated in response to the phase correction data corresponding to
the amplitude level of the subsidiary signal and then added to the primary signal at the amplitude/phase circuit 27.
Herein, the amplitude distortion and the phase distortion are provided by the amplitude/phase circuit 27 such that they
can cancel out actual amplitude and phase distortions to be produced by a main amplifier 28.

[0016] That is, the table section 25 stores such amplitude and phase correction data that have been provided in
consideration of the characteristics of the main amplifier 28 in terms of the AM-AM and AM-PM conversion thereof as
a function of input level. Therefore, the amplitude/phase circuit 27 can produce, in response to the amplitude and phase
correction data provided from the D/A converter 26, the predistorted primary signal having opposite characteristics to
those to be produced by the main amplifier 28. As a result, ideal distortionless amplification can be realized over the
whole amplification apparatus.

[0017] In other words, an output signal of the amplitude/phase circuit 27 is amplified by the main amplifier 28, and
the actual amplitude distortion and the actual phase distortion produced by the main amplifier 28 are canceled out by
the amplitude distortion and the phase distortion introduced by the amplitude/phase circuit 27. Consequently, an am-
plified signal without distortion is outputted from the main amplifier 28 via a divider 29.

[0018] The divider 29 divides the amplified signal inputted from the main amplifier 28 and dispatches a portion of the
amplified signal to a distortion detection section 30.

[0019] The distortion detection section 30 detects distortion components left after compensation in the sample of the
amplified signal provided from the divider 29 and feeds the detection result to a table updating circuit 31.

[0020] The table updating circuit 31 responsive to the detection result inputted from the distortion detection section
30 computes amplitude correction data and phase correction data, which can, e.g., minimize the distortion components
remaining in the sample of the amplified signal obtained from the divider 29 and outputs the computation result to the
table section 25 to overwrite the amplitude correction data and the phase correction data stored in the table section
25 with the best values.

[0021] By employing such an updating process of the amplitude correction data and the phase correction data per-
formed by using the feedback scheme, an amplification apparatus can be effectively operated without being affected
by the temperature variation or the aging effect.

[0022] However, there still remains a problem to be addressed in that distortion characteristics of an amplifier in
general has a frequency-dependence.

[0023] Fig. 9 presents frequency spectrum of two main signals and corresponding distortion outputted from an am-
plifier in case where a main signal of a frequency f1 and another main signal of a frequency f2 are amplified by the
amplifier. The abscissa represents frequency and the ordinate represents an intensity level of a signal. The distortion
of the frequency spectrum shown in Fig. 9 corresponds to intermodulation (IM) distortion components including a lower
side third-order distortion of frequency 2-f1-f2 and an upper side third-order distortion of frequency 2-f2-f1. Herein, the
larger the numeral located immediately after "f" is, the higher the frequency is (i.e. f2>f1).

[0024] As shownin Fig. 9, even when intensity levels of two main signals are identical to each other, there may occur
a difference of AIM(=A-B) between an intensity level B of the lower side third-order distortion of frequency 2-f1-f2 and
an intensity level A of the upper side third-order distortion of frequency 2-f2-f1. The distortion compensation is evenly
carried out throughout the whole frequency band. Therefore, if such AIM occurs, components of the difference AIM
cannot be compensated and are left in the amplified signal after distortion compensation, even in the case where the
pre-distortion circuit of the amplification apparatus shown in Figs. 7 and 8 ideally operates.

[0025] Such difference AIM may originate from processes other than a typical distortion generation mechanism of
an amplifier. The intensity levels of the third-order distortion components typically produced by an amplifier are equal
to each other at the lower side frequency 2-f1-f2 and the upper side frequency 2-f2-f1.

[0026] Several factors can be considered as the source of the described difference AIM. It may be contemplated as
one of the factors that distortion of a difference frequency f2-f1 originates from an even-order distortion caused by a
transistor included in a main amplifier and the input signals of frequencies f1 and f2 are modulated by the distortion
produced by the transistor, which is noticeable in case that a change of a drain current is large as in a class AB amplifier.
[0027] Alternatively, it may also be possible that frequencies of output components of such second harmonics as a
frequency 2-f1 and a frequency 2:f2 are mixed with the frequencies of f1 and 2.

[0028] Distortion compensation problems which can take place due to the presence of the AIM will now be described
in detail hereinafter.

[0029] Figs. 10A and 10B show schematic graphs for illustrating exemplary frequency spectra of the upper side third-
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order distortion and the lower side third-order distortion produced when a signal including frequency components f1,
f2, ---, fn (n being an integer larger than 2) is amplified by an amplifier, wherein a level of third-order distortion shown
in Fig. 10A is higher than that of third-order distortion shown in Fig. 10B by X. The abscissa represents frequency and
the ordinate represents a level of a signal.

[0030] In Figs. 10A and 10B, a required level of the third-order distortion components remaining after distortion
compensation is represented by dashed lines and it is required that the third-order distortion components are to be
reduced below the required level by the distortion compensation. For example, in the feed forward scheme for extracting
distortion from a signal amplified by a main amplifier and then canceling out the distortion based thereon from the
corresponding amplified signal, if the amount of distortion cancellation is sufficiently large, e.g., greater than "y" shown
in Fig. 10A, all the third-order distortion components shown in Figs. 10A and 10B can be decreased below the required
level. However, if the amount of distortion cancellation is "z", the third-order distortion components shown in Fig. 10A
are left in the amplified signal by the amount of "x". It can be seen from the above that in the feed forward scheme a
lower level distortion component among the upper and lower side third-order distortions produced by an amplifier can
be more readily compensated than a higher level distortion component thereamong and therefore the degree of pre-
cision of the distortion compensation can be improved for the lower level distortion component.

[0031] Meanwhile, in order to perform distortion compensation in high degree of precision through the use of the
pre-distortion scheme, in which a predetermined distortion is introduced in advance to cancel out third-order distortion
components to be produced by a main amplifier, it is needed to adjust the amplitude and phase of the predistortion by
considering whether the third-order distortion is produced as shown in Fig. 10A or Fig. 10B.

[0032] Referring to Figs. 11A and 11B, the above will be explained in further detail.

[0033] Fig. 11A shows a vector plot describing the distortion compensation process by the feed forward scheme.
Assuming that the amount of distortion cancellation can be adaptively adjusted and the third-order distortion produced
by an amplifier is represented as a vector "-a", the third-order distortion can be canceled out in its entirety by deliberately
introducing a distortion as a vector "a" having characteristics opposite to those of the third-order distortion represented
produced by the amplifier, as shown in case (1) of Fig. 11A. Similarly, when the third-order distortion produced by the
amplifier is represented as a vector "-a-b", the entire third-order distortion can be canceled out by deliberately intro-
ducing the distortion represented as a vector "a+b" having characteristics opposite to those of the third-order distortion
produced by the amplifier, as shown in case (2) of Fig. 11A.

[0034] Fig. 11B shows a vector plot in case of performing the distortion compensation by the pre-distortion scheme.
Assuming that the amount of pre-distortion is fixed and represented as a vector "a" and the third-order distortion pro-
duced by an amplifier is represented as a vector "-a", the totality of the third-order distortion can be canceled out as
shown in case (1) of Fig. 11B. However, when the third-order distortion produced by the amplifier is represented as a
vector "-a-b", the third-order distortion component in the amount represented as a vector "-b" remains left behind as
shown in case (2) of Fig. 11B.

[0035] Referring to Fig. 12, there is illustrated a graph for illustrating distortion characteristics of an amplifier in terms
of the intensity levels of the third-order distortion components as a function of the difference frequency Af=(f2-f1) be-
tween two input signals of frequencies f1 and f2, wherein the curves W1 and W2 represent the characteristics of the
upper and the lower side third-order distortion components, respectively. The abscissa represents the difference fre-
quency Af and the ordinate represents the level of a signal.

[0036] As shown in Fig. 12, there occurs an offset between levels of the upper side third-order distortion component
and the lower side third-order distortion component. Also, if the frequencies f1 and f2 of two input signals are changed
or the difference frequency Af therebetween is varied, the levels of the upper and the lower side third-order distortion
components are also changed.

[0037] In case of the distortion compensation process by the feed forward scheme, therefore, if the levels of the
upper and the lower side third-order distortion components produced by an amplifier under the worst case become
very large, the amount of distortion compensation required for reducing the corresponding third-order distortion com-
ponents down to the predetermined distortion level (required level) also becomes large, accordingly, imposing a heavy
processing burden. In principle, however, if a sufficient amount of distortion cancellation can be obtained, it is possible
in the feed forward scheme to compensate distortions even if there occurs a certain unbalance in the levels of the
upper side and the lower side third-order distortion components.

[0038] On the other hand, in the distortion compensation by the pre-distortion scheme introducing predetermined
distortion in advance, there may occur, in addition to the problems described above, a further problem that the required
amount of the distortion cancellation may not be obtained if the frequency of the signal component included in a signal
amplified by an amplifier deviates from the predetermined frequency.

[0039] Referring to Fig. 13A, there is illustrated an exemplary graph for illustrating output signals from an amplifier
including two signals of frequencies at fi and fj (j>i) and third-order distortion components thereof at frequencies of 2-fj-
fiand 2-fi-fj, i and j being 1 to n. For the convenience of explanation, itis assumed that the two signals whose frequencies
are f1 and f2, respectively, and the third-order distortion components thereof respectively have same levels. "IM" refers
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to the difference between the level of two signals and that of the third-order distortion components. In Fig. 13A, the
abscissa represents a frequency and the ordinate represents a level of a signal.

[0040] Insuch a case, a typical characteristic of "IM" as a function of the difference frequency Af(=fj-fi) is represented
as in a curve Q1 of the solid line, as shown in Fig. 13B. However, considering the realization of distortion compensation
in high degree of precision, it is preferable that the IM is constant as represented in a straight line Q2 of the dashed
line. In Fig. 13B, the abscissa represents the difference frequency Af between two signals and the ordinate represents
a level of "IM".

[0041] Some of the prior art references relevant to the present invention will now be described below.

[0042] The exemplary prior art references to be described below are configured such that second harmonics are
shorted at an output side of a transistor for the purpose of achieving an enhanced efficiency of the transistor itself by
improving an F class operation, which differs from the distortion compensation apparatus of the present invention in
terms of objects and overall configurations.

[0043] For example, a high output amplifier disclosed in Japanese Patent Laid-Open Publication No. 2000-77957 (a
document 1) is shown in Fig. 14, which is configured of a Field Effect Transistor (FET) T11. At an output side of the
transistor T11, a fundamental frequency matching is carried out at a fundamental frequency matching circuit M11. A
second harmonic signal is shorted by a short stub B1 whose line length is 1/4 of the wavelength of the fundamental
frequency, so that an impedance (phase) for the second harmonic signal can be independently set by a transmission
line S11. A third harmonic signal is shorted by an open stub B2, so that an impedance (phase) for the third harmonic
signal can be independently set by a transmission line S12.

[0044] Further, a high output amplifier disclosed in Japanese Patent Laid-Open Publication No. 1999-220343 (a
document 2) is shown in Fig. 15, which is configured of an FET T12, At an output of the transistor T12, a fundamental
frequency matching is carried out by a fundamental frequency matching circuit M12. A second harmonic signal is
shorted by a second harmonic signal resonance circuit including an inductor L12 and a capacitor C11 and a second
harmonic signal processing circuit having a short stub B3 and a capacitor C12, wherein a line length of the short stub
B3 is 1/4 of the wavelength of the fundamental frequency. Further, as shown in drawing, a lead inductor L11, a coil (a
choke coil) L13 and a DC blocking capacitor C13 are also installed at this circuit. An input matching circuit (not shown)
is provided at an input side of the transistor T12.

[0045] Further, a high frequency amplifier disclosed in Japanese Patent Laid-Open Publication No. 1999-234062 (a
document 3) is shown in Fig. 16, which is configured of a transistor T13. At an output side of the transistor T13, a
fundamental frequency matching is carried out by a fundamental frequency matching circuit M13. A second harmonic
signal is shorted by a transmission line S13 of a line length of 1/4 of the wavelength of the fundamental frequency and
a capacitor C14.

[0046] Further, a power amplifier disclosed in Japanese Patent Laid-Open Publication No. 1997-36670 (a document
4) is configured of a power amplifier capable of facilitating the suppression of nonlinear distortion and the reduction of
power consumption, but a second harmonic is not described therein.

[0047] As described above in the prior distortion compensation apparatus employing, for example, the feed forward
scheme or the pre-distortion scheme, sufficient amount of distortion cancellation may not be obtained in case of am-
plifying a signal having multiple frequency components by an amplifier, because the levels of the upper and the lower
side third-order distortion components may be increased due to the second harmonics of the corresponding signal or
changed depending on the frequency variations of the signal components included in the corresponding signal and
also by the variation of the difference frequency thereof.

[0048] It is, therefore, a primary object of the present invention to provide a distortion compensation apparatus ca-
pable of increasing the amount of distortion cancellation in terms of compensating the upper side third-order distortion
and the lower side third-order distortion produced by an amplifier for amplifying a signal including multiple frequency
components.

[0049] It is another object of the present invention to provide a distortion compensation apparatus capable of regu-
lating the levels of the upper and the lower side third-order distortions to be identical from one another to thereby
effectively carry out the distortion compensation by, e.g., the pre-distortion scheme.

[0050] It is still another object of the present invention to provide a distortion compensation apparatus capable of
scaling down the levels of the upper side and the lower side third-order distortions produced by an amplifier to thereby
effectively carry out the distortion compensation by, e.g., the feed forward scheme and the pre-distortion scheme.
[0051] In accordance with a preferred embodiment of the present invention, there is provided a distortion reducing
circuit, including:

means for compensating an upper side third-order distortion and a lower side third-order distortion produced by
an amplifier for amplifying a fundamental signal having multiple frequency components; and

a second harmonic reflection coefficient regulation circuit, installed at an output side of the amplifier, for regulating
reflection coefficients for multiple frequency components included in a second harmonic signal to have a constant
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value.

[0052] A distortion reducing circuit, for suppressing the upper and the lower side distortions produced by an amplifier
for amplifying a fundamental signal including multiple frequency components, in accordance with the present invention
includes, at the output side of the amplifier, a second harmonic reflection coefficient regulation circuit capable of reg-
ulating reflection coefficients of various frequency components included in a second harmonic signal at a constant value.
[0053] The second harmonic reflection coefficient regulation circuit regulates amplitudes and phases of the compo-
nents in the second harmonic signal, by reflection after being outputted therefrom, to be constant to be fed back into
the amplifier independent of the frequencies of the components. Therefore, the levels of the upper and the lower side
third-order distortions produced by the amplifier can be made to be substantially identical with each other irrespective
of their frequencies, and accordingly, distortion compensation can be carried out effectively by, for example, the pre-
distortion scheme.

[0054] That is, in case where an input signal (a fundamental signal) into an amplifier includes multiple frequency
components (including continuous bands), a second harmonic signal of the input signal also includes multiple frequency
components. Reflection coefficients of the frequency components of the second harmonic signal generally differ from
each other depending on their frequencies. Since, however, the present invention regulates reflection coefficients to
be substantially same for the whole frequency components included in the second harmonic signal, the upper and the
lower side third-order distortions originated from reflected frequency of the second harmonic signal can be regulated
to have a constant intensity level, independent of their frequencies. Thus, the distortion compensation by the pre-
distortion scheme, which introduces pre-distortion components having same amplitudes and phases to be produced
throughout the whole frequency range to cancel out the distortions to be produced by an amplifier, can be effectively
carried out by employing the present invention. Though, in this configuration, the upper side and the lower side third-
order distortion components originating from the second harmonic signal may not be reduced to zero, but the unbalance
between the upper side and the lower side third-order distortion components can be removed.

[0055] In a preferred distortion reducing circuit in accordance with the present invention, the second harmonic re-
flection coefficient regulation circuit is implemented by a second harmonic matching circuit, which produces zero valued
reflection coefficients for the multiple frequency components included in the second harmonic signal.

[0056] Therefore, the amplitudes of the frequency components in the second harmonic signal, which is outputted
from an amplifier and then fed back thereto by reflection, are reduced to zero for all the frequency components by the
second harmonic reflection coefficient regulation circuit. Resultantly, the levels of the upper and the lower side third-
order distortions are scaled down compared to the prior art, regardless of frequencies. Accordingly, improved distortion
cancellation can be achieved by the feed forward scheme and the pre-distortion scheme.

[0057] Inotherwords, matching of the whole frequency components included in the second harmonic signal produced
by the amplifier is carried out in accordance with the present invention to thereby prevent the second harmonic signal
from being reflected back into the amplifier. Accordingly, the upper and the lower side third-order distortion components
originating from the reflected components of the second harmonic signal can be avoided and therefore a total amount
of the third-order distortions produced by the amplifier can be decreased that much in comparison with the prior art.
Thus, the amount of distortion to be compensated (required amount of the distortion cancellation) in the distortion
compensation process by the feed forward scheme or the pre-distortion scheme can be reduced accordingly and a
burden for the distortion compensation process can also be decreased. Further, by removing or reducing the upper
side and the lower side third-order distortion originating from the reflected components of the second harmonic signal,
the unbalance between the upper side third-order distortion and the lower side third-order distortion can also be re-
moved or reduced. Consequently, ideal distortion compensation by, e.g., the pre-distortion scheme, can be performed
over the whole band of the input signal (the fundamental signal) and the high precision distortion compensation can
be realized.

[0058] In an alternative, the distortion reducing circuit in accordance with the present invention, the second harmonic
reflection coefficient regulation circuit is implemented by a second harmonic short circuit, which regulates the reflection
coefficients for the multiple frequency components included in the second harmonic signal to be a constant value of -1.
[0059] Such configuration using the second harmonic short circuit is advantageous in that it can be readily realized.
[0060] Further, in a preferred distortion reducing circuit in accordance with the present invention, an amplifier is
configured by using an internal matching type transistor. A corresponding distortion reducing circuit is implemented by
installing a transistor chip and a second harmonic short circuit in a transistor case.

[0061] Such configuration using the internal matching type transistor is advantageous in that a compact device can
be realized with improved efficiency.

[0062] The distortion reducing circuit described above in accordance with the present invention may be used with a
pre-distortion circuit or a feed forward distortion circuit in order to compensate the upper and the lower side third-order
distortions produced by an amplifier.

[0063] As described above, the present invention regulates the reflection coefficients of the frequency components
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in the second harmonic signal fed back to the amplifier to be constant independent of their frequencies, thereby re-
moving or reducing level shifts of the upper and the lower side third-order distortion components originating from the
second harmonic signal in the amplifier and lowering the corresponding levels. Thus, compensation precision of the
third-order distortion components can be enhanced.

[0064] A fundamental signal including multiple frequency components may not be of any specific type and also the
number of the frequency components included in the fundamental signal need not be any specific number either, as
long as itis not less than 1. In addition, the frequency components included in the fundamental signal may have discrete
frequencies or continuous frequencies of certain bandwidth.

[0065] Any kinds of amplifiers can be used as an amplifier of the presentinvention. For instance, a group of amplifiers
as well as a combination of a plurality of amplifiers can be used therefor. An amplifier for amplifying a signal including
multiple frequency components is referred to as a common amplifier.

[0066] Various transistors, for example, an FET, may be used as a transistor of the amplifier of the present invention.
[0067] Assuming that frequency components included in the fundamental signal respectively have frequencies f1
and f2, the upper and the lower side third-order distortions produced by an amplifier respectively represent distortions
at frequencies 2-f2-f1 and 2-f1-f2. Similarly, in case where the fundamental signal includes more than two frequency
components, there occur an upper and a lower side third-order distortion per each pair of two different frequency
components.

[0068] In general, due to third-order distortion components originating from a second harmonic signal in an amplifier,
both a total amount of intensity levels of the upper side third-order distortions and that of the lower side third-order
distortions are increased and at the same time there occurs the difference (unbalance) therebetween.

[0069] A second harmonic signal is a signal including frequency components, the frequency of each component
being twice fundamental frequency included in the fundamental signal. For example, for a fundamental signal including
signals whose frequencies are f1 and f2, signals having frequencies 2:f1 and 2-f2 are outputted from an output terminal
of the amplifier as a second harmonic signal.

[0070] Further, itis preferable that reflection coefficients for the whole frequency components included in the second
harmonic signal are identical to each other. However, the reflection coefficients may differ from each other by a certain
degree acceptable in practical application and such case is also encompassed by the scope of the present invention.
[0071] The second harmonic reflection coefficient regulation circuit may be implemented by various circuits. For
example, a circuit having a fixed resistance, capacitance and inductance or a circuit adaptively controllable those
values can be employed.

[0072] It is preferable that the compensation precision of the third-order distortion components produced by an am-
plifier can reduce such third-order distortions down to zero. However, a certain amount of distortions may be left behind
after distortion compensation as long as it is acceptable in practical application.

[0073] It is preferable to have, together with the second harmonic reflection coefficient regulation circuit described
above, a matching circuit of a fundamental signal at the output side of the amplifier. It is also preferable to have a
matching circuit for a fundamental signal and a matching circuit for a second harmonic signal at an input side of the
amplifier.

[0074] The reflection coefficient can be defined as: "a reflection coefficient=(a voltage of a reflected wave fed back
from a load)/(a voltage of a traveling wave progressing to the load)". The absolute value of the reflection coefficient, i.
e., |reflection coefficient|, is smaller than or equal to 1 (|a reflection coefficient|<1). The zero valued reflection coefficient
represents that all traveling waves are absorbed by the load without being fed back therefrom. In other words, when
reflection coefficient is zero, the traveling waves are not reflected at all, representing a matching state. A reflection
coefficient of a value of -1 represents a shorted total reflection state and a reflection coefficient of a value of +1 repre-
sents an open reflection state. A reflection coefficient of |1| represents a reflection state accompanying a phase shift.
Further, 0< |a reflection coefficient| <1 represents a mismatching state where a part of the traveling waves is absorbed
by the load and the remaining part thereof is fed back to the amplifier, while |a reflection coefficient| of 1 represents
that a reflected wave having a same amplitude (absolute value) as that of a traveling wave is fed back from a load.
[0075] Fig. 5A represents an exemplary circuit diagram for carrying out the matching of a second harmonic signal.
In this circuit, a traveling wave of the second harmonic signal outputted from a transistor Ta is absorbed by a load
through a matching circuit P and a resistor R, to thereby prevent the generation of a reflected wave of the corresponding
second harmonic signal.

[0076] Fig. 5B represents an exemplary circuit diagram for illustrating a total reflection of a second harmonic signal.
In this circuit, a traveling wave of the second harmonic signal outputted from a transistor Tb is totally reflected by a
second harmonic short circuit including an inductor L and a capacitor C and then fed back to the transistor Tb. The
total reflection of wave can also be accomplished by replacing the second harmonic short circuit including the inductor
L and the capacitor C with a circuit including shorted transmission lines, each having a length corresponding to a half
wavelength of a second harmonic wave.

[0077] A principle of the present invention will now be explained below. For the convenience of explanation, it is
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assumed that a fundamental signal includes two frequency components in the description below. However, the same
will hold in a case where more than two frequency components are included in a fundamental signal.

[0078] For example, assuming that a distortion characteristic VO of a transistor (amplifier) is represented by Eq. (1)
and that a frequency component {A1-cos(w1-t)}of an angular frequency w1 corresponding to a frequency f1 and a
frequency component {A2-cos(w2-t)} corresponding to a frequency f2 are inputted into a transistor as a fundamental
signal Vin of an input signal, third-order distortion components X1 in case of without considering harmonics are rep-
resented by Eq. (2) (see, e.g., "Harmonic Feedback Circuit Effects on Intermodulation Products and Adjacent Channel
Leakage Power in HTB Power Amplifier for 1.95 GHz Wide-Band CDMA Cellular Phones", IEICE TRANS. ELECTRON.,
VOL. E82-C, NO. 5 MAY 1999 (a document 5)).

V0=g1-Vin+g2-(Vin)®+g3-(Vin)3+-- Eq. (1)
and

X1=(3/4)-A1-(A2)-g3-cos{(2- 02-m1)-t}+(3/4)-(A1)-A2-

g3-cos{(2:m1-m2)-t}+- Eq. (2)

wherein g1, g2, g3, are respectively coefficients; A1 and A2 represent amplitudes and "t" represents time.

[0079] As can be see from Eq. (2), if the amplitudes A1 and A2 of two frequency components are identical with each
other, the level (amplitude) of the upper side third-order distortion at frequency 2-f2-f1 corresponding to an angular
frequency 2-w2-w1 and that of the lower side third-order distortion at frequency 2-f1-f2 corresponding to an angular
frequency 2-m1-w2 become equal to one another regardless of the angular frequencies o1 and w2. The third-order
distortion components represented in Eq. (2) are always produced in a typical transistor and no measure is taken in
the present invention in order to directly reduce such third-order distortion components expressed in Eq. (2).

[0080] In case where a second harmonic signal of a fundamental signal is outputted by a transistor and a reflected
second harmonic signal is fed back to the transistor with frequency components included in the fed-back second har-
monic signal (a reflected wave signal) being represented by B1-cos(2-w1-t +¢1) and B2-cos(2-02-t+¢2), the fed-back
second harmonic signal is mixed with the fundamental signal and the third-order distortion components X2 represented
by Eq. (3) are produced.

X2=A1-B2-g2-cos(2- 02-t-w1-t+2)+(3/4)-A1-B1-B2-g3-
cos(2-02t-01-t+2-¢1)+-A2-B1-g2-cos(2- 0 1-t-w2-t+¢1)+(3/4)-

A2-B1-B2-g3-cos(2:01t-02-t+@1-¢2)+ Eq. (3)

wherein B1 and B2 are amplitudes of two frequency components included in the reflected second harmonic signal and
¢1 and @2 represent phases of the angular frequency components thereof.

[0081] As for the third-order distortion components originating from the reflected portions of the second harmonic
signal, the levels (amplitudes) and the phases of an upper side and a lower side third-order distortion component differ
from one another if there exist the difference between the amplitudes B1 and B2 and that between phases ¢1 and ¢2,
as represented in Eq. (3).

[0082] The overall third-order distortion components produced by a transistor are mainly composed of the sum of
the third-order distortion components originating from the fundamental signal as represented in Eq. (2) and the third-
order distortion components originating from the second harmonic signal as represented in Eq. (3).

[0083] A poor management of the reflection coefficients for the frequency components in a second harmonic signal
as in the prior art normally results in nonuniform reflection coefficients. As a result, amplitudes B1 and B2 and phases
¢1 and @2 of the second harmonic frequency components become different from each other, yielding poor frequency
characteristics and an unbalance between the upper side and the lower side third-order distortion. However, the dis-
tortion reducing circuit in accordance with the present invention can regulate the reflection coefficients for the whole
frequency components included in the second harmonic signal to have a uniform value, so that the amplitudes B1 and
B2 and the phases ¢1 and ¢2 of the frequency component can be controlled to respectively have same values and
therefore the frequency characteristics can be improved. Implementation of a circuit for leveling the reflection coeffi-
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cients of the multiple frequency components included in the second harmonic signal can be realized by, e.g., computer
simulation.

[0084] In a prior art distortion compensation apparatus, frequency matching is carried out only for the frequencies
in an amplification band of an amplifier, i.e., a band for the fundamental frequencies of an input signal. However, the
distortion reducing circuit in accordance with the present invention performs the frequency matching not only in the
amplification band of the amplifier but also in the whole frequency components included in the second harmonic signal.
Thus, the level of the third-order distortion originating from the second harmonic signal represented in Eq. (3) can be
reduced to zero. Accordingly, the third-order distortion components produced by a transistor can be mainly composed
of components originating from the fundamental signal and thus the total amount of the third-order distortion compo-
nents produced by the amplifier can be minimized due to the reduction of the third-order distortion components origi-
nating from the second harmonic signal.

[0085] The above and other objects and features of the present invention will become apparent from the following
description of preferred embodiments given in conjunction with the accompanying drawings, in which:

Fig. 1 shows a block diagram of an amplification unit including a matching circuit in accordance with a first preferred
embodiment of the present invention;

Fig. 2 describes a circuit diagram of an amplification unit with a second harmonic reflection coefficient of -1 in
accordance with a second preferred embodiment of the present invention;

Fig. 3 depicts a circuit diagram of an amplification unit with a second harmonic reflection coefficient of +1;

Figs. 4A and 4B are circuit diagrams of an internal matching type transistor having a second harmonic reflector in
accordance with a third preferred embodiment of the present invention;

Figs. 5A and 5B represent circuit diagrams for illustrating a matching and a total reflection of a second harmonic;
Fig. 6 offers a block diagram of a prior art amplification apparatus including a distortion compensation circuit em-
ploying a feed forward scheme;

Fig. 7 provides a block diagram of a prior art amplification apparatus including a distortion compensation circuit
employing a pre-distortion scheme;

Fig. 8 shows a block diagram of a conventional amplification apparatus including another distortion compensation
circuit employing a pre-distortion scheme;

Fig. 9 exemplarily presents an upper side third-order distortion of frequency 2-f2-f1 and a lower side third-order
distortion of frequencies 2-f1-f2 produced in case of amplifying a signal having frequencies f1 and f2 by an amplifier;
Figs. 10A and 10B set forth a relationship between a required distortion level after distortion compensation and
various distortion levels before distortion compensation;

Figs. 11A and 11B show vector plots for illustrating the distortion compensation processes carried out by the feed
forward scheme and the pre-distortion scheme;

Fig. 12 shows a graph for illustrating level characteristics of the upper and the lower side third-order distortion
components as a function of the difference frequency Af=(f2-f1) between two signals;

Figs. 13A and 13B exemplarily illustrate the difference IM between the intensity levels of main signals and third-
order distortion components thereof and the relationship between IM and the frequency difference of the main
signals;

Fig. 14 shows a diagram of a prior art amplification circuit;

Fig. 15 shows a diagram of another prior art amplification circuit; and

Fig. 16 shows a diagram of still another prior art amplification circuit.

[0086] In accordance with the present invention, a circuit capable of regulating reflection coefficients for multiple
frequency components included in a second harmonic signal is installed at an output side of an amplifier. Preferred
embodiments of the circuit in accordance with the present invention will be now described hereinafter.

[0087] A distortion reducing circuit in accordance with the present invention can be realized by combining an ampli-
fication unit to be described hereinbelow with a main amplifier 5 installed in the feed forward type amplification apparatus
shown in Fig. 6, the main amplifier 12 installed in the pre-distortion type amplification apparatus shown in Fig. 7 or the
main amplifier 28 shown in Fig. 8.

[0088] First, an amplification unit in accordance of a first preferred embodiment of the present invention will be de-
scribed.

[0089] Fig. 1 shows a block diagram of the amplification unit in accordance with the first preferred embodiment of
the present invention, which includes a transistor T1 serving as a main amplifier. The transistor T1 shown in Fig. 1 is
merely a symbolic representation of a main amplifier. Thus, it may not be constructed as a single transistor. It can be,
e.g., one of the main amplifiers 5, 12 and 28 shown in Figs. 6 to 8. This also holds for other transistors shown in Figs.
2-5B. In the transistor T1, a fundamental frequency matching circuit M1 and a second harmonic signal matching circuit
N1 are connected to a gate thereof in parallel, to thereby form an input terminal of the amplification unit. A source of
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the transistor T1 is grounded. A fundamental frequency matching circuit M2 and a second harmonic signal matching
circuit N2 are connected to a drain of the transistor T1 in parallel as an output terminal of the amplification unit.
[0090] The fundamental frequency matching circuits M1 and M2 of the input and the output terminal may be imple-
mented by, for example, band pass filters and function to perform a matching for the whole frequencies included in a
fundamental signal inputted to the transistor T1 for the amplification thereof.

[0091] Similarly, the second harmonic signal matching circuits N1 and N2 of the input and the output terminal may
also be constructed by, for example, band pass filters and serve to perform a matching for the whole frequencies
included in a second harmonic signal of the fundamental signal.

[0092] In such an amplification unit, a fundamental signal including multiple frequency components is inputted to the
gate of the transistor T1 via the fundamental frequency matching circuit M1 and the second harmonic signal matching
circuit N1; and an amplification result (an amplified signal) of the fundamental signal by the transistor T1 is outputted
via the fundamental frequency matching circuit M2 and the second harmonic signal matching circuit N2. The funda-
mental signal inputted to the transistor T1 is matched by the fundamental frequency matching circuits M1 and M2 and
the second harmonic signal produced by the transistor T1 is matched by the second harmonic signal matching circuits
N1 and N2.

[0093] In the preferred embodiment of the present invention shown in Fig. 1, the fundamental frequency matching
circuit M1 and the second harmonic signal matching circuit N1 are provided also at the input terminal of the transistor
T1. A matching can be performed both for the input and the output signal, to thereby stabilize the operation of the
amplification unit.

[0094] As described above, the amplification unit installed in the distortion reducing circuit in accordance with the
first preferred embodiment of the present invention performs the matching of a load impedance with respect to the
second harmonic signal as well. Accordingly, the upper and the lower side third-order distortion components produced
by the transistor T1 due to presence of the second harmonic signal can be removed or reduced irrespective of fre-
quencies included in the fundamental signal.

[0095] The distortion compensation apparatus in accordance with the first preferred embodiment of the present in-
vention includes the transistor T1 functioning as the amplifier (main amplifier), the output of which is a subject of the
third-order distortion compensation. The second harmonic signal matching circuit N2 regulates reflection coefficients
for the multiple frequency components included in the second harmonic signal to have a constant value approximating
zero. Such second harmonic signal matching circuit serves as a second harmonic reflection coefficient regulation circuit
in this embodiment. For the sake of simplicity, the amplifier is represented by only one transistor T1 in the embodiment
shown in Fig. 1. However, it is also possible to use an amplifier including a plurality of transistors instead of the transistor
T1.

[0096] Referring to Fig. 2, there is illustrated a circuit diagram of an amplification unit in accordance with a second
preferred embodiment of the present invention, which includes a transistor T2 functioning as a main amplifier. A gate
of the transistor T2 serves as an input terminal of the amplification unit and a source of the transistor T2 is grounded.
An input terminal of a fundamental frequency matching circuit M3 and one end of a transmission line (a choke coil) Z1
are connected to a drain of the transistor T2 in parallel. An output terminal of the fundamental frequency matching
circuit M3 functions as an output terminal of the amplification unit. A power source and one end of a capacitor (a bypass
capacitor) C1 are connected to the other end of the transmission line Z1 in parallel and the other end of the capacitor
C1 is grounded.

[0097] The fundamental frequency matching circuit M3 can be implemented by, for example, a band pass filter and
can perform a matching for the whole frequencies included in a fundamental signal inputted to the transistor T2.
[0098] The transmission line Z1 and the capacitor C1 constitute a second harmonic signal short circuit, wherein one
end of the transmission line Z1 is shorted to the ground through the capacitor C1. The transmission line includes
multiple transmission elements, each having a length of 1/4 of wavelength A (i.e., Ay/4) of one of the multiple frequency
components included in the fundamental signal, which in turn corresponds to 1/2 of wavelength of one of the multiple
frequency components included in the second harmonic signal. Therefore, the transmission line Z1 when viewed from
the drain of the transistor T2, functions as an open circuit for the fundamental signal and a short circuit for the second
harmonic signal.

[0099] The amplification unit provided in the distortion reducing circuit of the present embodiment regulates a load
impedance coupled to the output terminal of the transistor T2, such that reflection coefficients of the frequency com-
ponents included in the second harmonic signal become equal to -1 regardless of the frequencies included in the
second harmonic signal. Therefore, the upper side and the lower side third-order distortion components produced by
the transistor T2 owing to the second harmonic signal can be made to have a uniform level, independent of various
frequencies in the fundamental frequency.

[0100] Also, since a short circuit (a second harmonic signal short circuit) is directly coupled to the drain of the transistor
T2, a length of the transmission line between the drain and the short circuit can be approximated to zero. Accordingly,
the amount of phase shift for any individual frequency component is reduced to virtually zero and therefore the reflection
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coefficients for the components of the second harmonic signal can be regulated to have a substantially identical value
irrespective of frequencies.

[0101] Such configuration, shorting a second harmonic signal, can be readily practiced and facilitates the control of
the reflection coefficients of the second harmonic signal. Since the second harmonic signal is totally reflected in this
configuration, amplitudes of the reflected wave become higher. However, amplitudes and phases of the frequency
components included in the reflected wave are respectively maintained to have uniform values independent of fre-
quencies. Therefore, when employing such configuration in a distortion compensation apparatus using the pre-distor-
tion scheme, highly effective distortion compensation can be carried out over a wide band in high degree of precision.
[0102] The distortion compensation apparatus of the present invention includes the transistor T2 functioning as the
amplifier (main amplifier), the output of which is a subject of the third-order distortion compensation. The circuitincluding
the transmission line Z1 and the capacitor C1 corresponds to the second harmonic signal short circuit, which regulates
reflection coefficients for the multiple frequency components included in the second harmonic signal to have a value
approximating -1. The second harmonic signal short circuit serves as a second harmonic reflection coefficient regulation
circuit in this embodiment. For the convenience of explanation, the amplifier is represented by only one transistor T2
in the present embodiment. However, it is also possible to use an amplifier including a plurality of transistors, in lieu of
the transistor T2.

[0103] Itis possible to configure an amplification unit, which opens to the second harmonic signal to thereby regulate
the reflection coefficients for the whole frequency components included in the second harmonic signal to a constant
value of +1, as shown in Fig. 3. In the amplification unit shown in Fig. 3, a gate of a transistor T3 configuring a main
amplifier is an input terminal of the amplification unit and a source of the transistor T3 is grounded. A second harmonic
signal resonance circuit including an inductor L1 and a capacitor C2 is connected to a drain of the transistor T3, which
form an output terminal of the amplification unit. Because impedance is high in this configuration, it should be considered
that such configuration can be liable to be affected by a stray capacitance Cf represented as a dashed line in the
drawing.

[0104] Next, an amplification unit in accordance with a third embodiment of the present invention will be described.
[0105] Fig. 4Ais a circuit diagram of an internal matching type transistor serving as the amplification unit in accord-
ance with the third preferred embodiment of the present invention, which is equipped with a transistor case K1. An
input terminal of the transistor case K1 is internally connected to an inductor L2 and a capacitor C3 in parallel. Also,
the inductor L2 is connected to a gate of a transistor chip Tc and the capacitor C3 is grounded.

[0106] A source of the transistor chip Tc is grounded and a drain of the transistor chip Tc is connected to an output
terminal of the transistor case K1 and a capacitor C4 in parallel via an inductor L3. The capacitor C4 is also grounded.
In such internal matching type transistor, since the impedance of the transistor chip Tc decreases as the output power
increases, a matching circuit including the inductors L2 and L3 is installed within the transistor case K1 to increase the
impedance.

[0107] Fig. 4B is a circuit diagram of an amplification unit of the present invention, wherein a second harmonic signal
reflector is installed in the transistor case K1 of the internal matching type transistor shown in Fig. 4A. The second
harmonic signal reflector includes a transmission line Z2, whose length is 1/4 of wavelength A of a fundamental signal,
and a DC blocking capacitor C5 connected in series. One end of the second harmonic signal reflector is connected to
a node between the transistor chip Tc and the inductor L3, while the other end thereof is grounded. This configuration
can realize a high impedance (open) for the fundamental signal and short for the second harmonic signal. For example,
the configuration regulates the reflection coefficients for all the frequency components of the second harmonic signal
to have a constant value of -1 irrespective of frequencies.

[0108] The amplification unit provided in the distortion reducing circuit in accordance with the present embodiment
regulates a load impedance coupled to the output terminal of the transistor chip Tc, such that reflection coefficients for
all the frequency components included in the second harmonic signal become equal to -1 irrespective of frequencies
included in the second harmonic signal. Accordingly, all the upper side and the lower side third-order distortion com-
ponents produced by the transistor chip Tc owing to the second harmonic signal can be regulated to have a same level
irrespective of difference frequencies of the fundamental signal.

[0109] A bonding wire can be commonly used as the inductor L3 and such bonding wire may cause a phase shift in
the second harmonic signal. Therefore, it is preferable to install the second harmonic signal reflector having the trans-
mission line Z2 and the blocking capacitor C5 right behind the transistor chip Tc in the internal matching type transistor.
The second harmonic signal reflector may be implemented by a resonance circuit having serially connected inductor
and capacitor.

[0110] In the distortion reducing circuit of the present embodiment, the amplifier (main amplifier), the output of which
is subjected to the third-order distortion compensation, is implemented by using the internal matching type transistor
(the transistor chip Tc). The circuit (the second harmonic signal reflector) including the transmission line Z2 and the
capacitor C5 corresponds to the second harmonic signal short circuit which regulates reflection coefficients for multiple
frequency components included in the second harmonic signal to have a constant value of -1. The second harmonic
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signal short circuit serves as a second harmonic reflection coefficient regulation circuit. Further, the distortion reducing
circuit of the present embodiment is equipped with the transistor chip Tc and the second harmonic signal short circuit
in the transistor case K1. For the convenience of explanation, only one transistor chip Tc is depicted in the drawing.
However, a plurality of parallel coupled transistor chips can be used instead, to increase outputs.

[0111] It is to be understood that the distortion reducing circuit in accordance with the present invention can be
implemented by configuration other than those described above with respect to the preferred embodiments.

[0112] Further, itis to be noted that the present invention can be used in other application fields than those described
above in the preferred embodiments.

[0113] Further, it is also to be noted that the reflection coefficients provided by a second harmonic signal matching
circuit of the invention can be made to have, for all the frequency components included in the second harmonic signal,
a same value approximating or being equal to zero.

[0114] Also, reflection coefficients produced by a second harmonic signal short circuit of the invention can be of a
value equal to or close to -1 for all multiple frequency components included in a second harmonic signal.

[0115] As an example, the distortion reducing circuit in accordance with the present invention can be equipped in a
transmitter of a base station of a mobile communications system in order to carry out compensation of upper and lower
side third-order distortions produced by an amplifier of the transmitter for amplifying, e.g., a W-CDMA multi carrier
signal (fundamental signal) to be wirelessly transmitted by the transmitter to mobile stations. Further, the distortion
reducing circuit in accordance with the present invention can also be employed in a relay station apparatus (or relay
amplification apparatus) of such mobile communications system.

[0116] While the invention has been shown and described with respect to the preferred embodiments, it will be
understood by those skilled in the art that various changes and modifications may be made without departing from the
scope of the invention as defined in the following claims.

Claims
1. A distortion reducing circuit, comprising:

means for compensating an upper side third-order distortion and a lower side third-order distortion produced
by an amplifier for amplifying a fundamental signal including multiple frequency components; and

a second harmonic reflection coefficient regulation circuit, installed at an output side of the amplifier, for reg-
ulating reflection coefficients for multiple frequency components included in a second harmonic signal to have
a constant value.

2. The apparatus of claim 1, wherein the second harmonic reflection coefficient regulation circuit is implemented by
a second harmonic signal matching circuit for regulating the reflection coefficients for the multiple frequency com-
ponents included in the second harmonic signal to a value of zero or close to zero.

3. The apparatus of claim 1, wherein the second harmonic reflection coefficient regulation circuit is implemented by
a second harmonic signal short circuit for regulating the reflection coefficients for the multiple frequency compo-

nents included in the second harmonic signal to a value of -1 or close to -1.

4. The apparatus of claim 3, wherein the amplifier is formed of an internal matching type transistor having a case
and a transistor chip and the second harmonic signal short circuit are installed in the case.

5. The apparatus of one of claims 1 to 4, wherein the upper side third-order distortion and the lower side third-order
distortion produced by the amplifier are compensated by using either a pre-distortion circuit or a feed forward circuit.
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